A series of medium-scale and large-scale triaxial and unconfined compression tests was conducted in order to evaluate the strength and deformation characteristics and small strain properties of undisturbed well-graded gravelly soils retrieved from three tunnel excavation sites in Toyama prefecture, Japan. Undisturbed gravelly soils were taken by means of a new sampling method using thick water-soluble polymer solutions. The strength and deformation characteristics were evaluated mainly by performing sustained loading and large amplitude unloading and reloading cycles during otherwise monotonic loading at a constant strain rate in drained triaxial compression tests. During isotropic consolidation and shearing, at several stress states, eleven very small vertical cycles were applied to evaluate the quasi-elastic deformation property at small strain levels around 0.001% by static measurement. Dynamic measurements using a pair of accelerometers attached to the side surface of the specimen and wave sources attached to the top cap were also conducted at the same stress levels as static measurements in a single test. Several effects including grading characteristics and pressure level on the difference between the moduli measured statically and dynamically were discussed. The relationship between the small strain and strength properties of undisturbed gravelly soils was evaluated. The small strain properties of air-dried dense Toyoura sand in large-scale triaxial compression tests were also investigated in this study to compare the results of undisturbed gravelly soils.
Introduction
The strength and deformation characteristics of gravelly soils (denoted as GSs) have been studied for about half a century in order to investigate their use in the large-scale structures such as rockfill dams and embankments (e.g., Holtz and Gibbs, 1956; Jiang et al., 1997; Okuyama et al., 2003) . These experimental studies were mainly conducted under reconstituted conditions; however, the number of studies on undisturbed gravelly soils (UGSs) is limited due to technical problems in sampling methods for in-situ samples with cobbles and boulders. If the conventional sampling methods for relatively finer geomaterials are used for GSs, positions of large particles may be moved largely during the coring process. Some studies using UGSs retrieved by the in-situ freezing method developed to provide temporary particle bonding were conducted (e.g., Nishio and Tamaoki,1988; Goto et al., 1992; Yasuda et al., 1994; Tanaka et al., 2000) . However, this sampling method is in general costly, in particular with large diameter samples, and also may not be applicable if fine particles are included. In view of the above, by taking advantage of a newly developed sampling method using thick water-soluble polymer solutions (Tani et al., 2007) , UGSs were retrieved from three tunnel excavation sites in Toyama prefecture, Japan.
Soil characteristics at a small strain level are important in order to predict the overall deformation behaviour and have been studied by many researchers (e.g., Jardine and Potts, 1988; Tatsuoka and Shibuya, 1992; Kohata et al., 1997; Fioravante, 2000; AnhDan et al., 2002) . The methods to evaluate small strain properties experimentally are divided into static and dynamic ones. The soil behaviour observed by applying many small unload/reload cycles of axial stress statically in the laboratory tests is essentially linear and nearly recoverable within a very small strain range lesser than 0.001% (Tatsuoka and Shibuya, 1992) . For this static measurement, the experimental devices have to be very precise and accurate. On the other hand, the main method to evaluate small strain stiffness dynamically in the laboratory is the use of bender element (e.g., Brignoli et al., 1996; Fioravante, 2000; Leong et al., 2005) . However, in this method, the disturbance induced by inserting the plates into soil specimens as well as the effects of bedding error have a negative influence on the accurate evaluation of small strain properties (Wicaksono et al., 2008) . In addition, this method may not be applicable to GSs with large particles due to its limited capacity of excitation and insufficient contact between the plates and coarse soil particles. In view of the above, the precise equipment for measurements of axial loading and deformation (e.g., Tatsuoka and Shibuya, 1992; AnhDan et al., 2002 ) and a new technique originally developed by AnhDan et al. (2002) were used for static and dynamic measurements, respectively.
In order to evaluate the strength and deformation characteristics and small strain properties of UGSs mentioned above, a series of medium-scale and large-scale triaxial and unconfined compression (TC and UC, respectively) tests with static and dynamic measurements was conducted. Small strain properties of air-dried dense Toyoura sand in large-scale TC tests were also investigated to compare with those of UGSs.
Tested materials and their sampling
The tested UGSs were retrieved from construction sites of Makurano, First Uozu and Second Uozu Tunnels (MT, FUT and SUT, respectively) for Hokuriku bullet train, in Toyama prefecture, Japan. initial dry density of specimen ρ t wet density of specimen Fig. 1 shows some of the grading curves of geomaterials tested and referred to in this paper. Fig. 2 shows the typical particle pictures of UGS retrieved from FUT. The values of mean diameter (D 50 ), maximum diameter (D max ), uniformity coefficient (U c ), fines content (FC), initial dry density ðρ d Þ and specimen diameter (d) are listed in Table 1 . The ρ d values of UGSs were estimated by the average water contents of specimens after TC or UC tests.
At FUT and SUT, as mentioned in the introduction, a special coring method was used for the retrieval of UGSs. This sampling technique is a non-freezing sampling method using thick water-soluble polymer solutions and a single steel tube sampler which has diamond bits at its bottom for cutting, where the bits can cut large particles without moving their positions largely. The samples can be protected by covering them with the polymer solutions during the coring work. In addition, since the shear stress acting on the sample surface during the coring work is very small due to the shear-thinning effects of the polymer solutions, the soil fabric in the samples can also be maintained (Tani et al., 2007) . The schematic procedures of the sampling are shown in Fig. 3(a) . The cylindrical samples with a dimension of 30 cm in diameter and about 100 cm in height were retrieved vertically from the excavated base, as typically shown in Fig. 3(b) . These samples were well-graded gravel with cobbles and boulders which were infilled with sandy and finer soils. By employing the above coring method, a smooth side surface of the samples could be achieved as typically shown in Fig. 3(c) . Large-scale specimens with a dimension of 30 cm in diameter and 60 cm in height were trimmed from the cylindrical samples. For the trimming work, the polymer that has been used for the coring work was also employed in combination with a cutting machine with a large-diameter disk blade as shown in Fig. 3(d) . A smooth end of the specimens could also be achieved as shown in Fig. 3(c) .
Medium-scale specimens with a dimension of 10 cm in diameter and 20 cm in height were obtained from the trimmed rest parts of large-scale samples, as typically illustrated in Fig. 3(e) , by using the same coring and trimming methods as mentioned above.
At MT, the average overburden depth ranges from 4 to 6 m and the shallowest part is less than 3 m. Due to the low overburden pressure, chemical injection for the ground improvement was carried out before excavation in order to reduce the deformation caused by the construction. Cylindrical samples with a dimension of 16.5 cm in diameter and about 50 cm in height were retrieved horizontally from the excavated section before and after chemical injections, as typically shown in Fig. 4 , by pushing steel tube samplers with a hydraulic powered backhoe. These samples were well-graded gravel with cobbles which were infilled with sandy and finer soils. Medium-scale specimens with a dimension of 10 cm in diameter and 20 cm in height were trimmed from the Undisturbed gravelly soils *: tested in the present study cylindrical samples by the same method as mentioned above.
A comparison of the test results obtained from both unimproved (without/before chemical injection-virgin) and improved (after chemical injection) specimens is also included in this paper.
Test apparatus and procedure
An automated large-scale triaxial apparatus as illustrated in Fig. 5 was used. It was also used for medium-scale specimens. The axial loading device consists of a computer-controlled hydraulic actuator with a capacity of 490 kN and a computer-controlled high precision gear-type axial loading system. The axial load was measured with a load cell placed inside the triaxial cell to eliminate the effects of piston friction. The vertical deformation was measured with an external displacement transducer (EDT). The effective confining pressure was measured with a high-capacity differential pressure transducer (HCDPT).
Undisturbed gravelly soils
The top and bottom ends of specimens were not lubricated but in contact with the rigid faces of the top cap and pedestal made of duralumin via a sheet of filter paper. The vertical deformation was measured also locally with three pairs of local deformation transducers (LDTs, Goto et al., 1991) for largescale specimens, and with a pair of LDTs for medium-scale ones. The horizontal deformation was measured locally with three clip gages (CGs) for large-scale specimens and with two CGs for medium-scale ones. The volume change of the specimen was obtained by measuring the water height in a burette connected to the specimen by using a low-capacity differential pressure transducer (LCDPT). The volumetric strain, ε vol , of the specimen can also be obtained from Eq. (1) using the vertical and horizontal strains, ε v and ε h , measured with LDTs and CGs respectively by assuming the deformation of the specimen was uniform.
The specimen was set into the triaxial apparatus and was made saturated under an effective mean stress p 0 ¼ ðs′ v þ 2s′ h Þ= 3 ¼ 20 kPa for medium-scale UC tests and 30 kPa for the other tests by employing a double vacuuming method (Ampadu and Tatsuoka, 1993) , where s′ v and s′ h are the effective vertical and horizontal principal stresses. In some tests, the specimens could not be fully saturated due to their lower permeabilities (i.e., unsaturated). However, it was assumed that the effects of the saturation conditions on the results obtained from drained tests were insignificant. In UC tests, drained or undrained strain-controlled shearing was conducted at the unconfined condition after unloading of the effective confining pressure. In TC tests, isotropic consolidation was employed for simplicity. The specimens were compressed to respective effective stress levels shown in Table 1 in an automated way using the axial loading device and an electro-pneumatic transducer for cell pressure. After isotropic consolidation, strain-controlled or stress-controlled drained TC tests were started. In some tests, large amplitude unloading and reloading cycles were applied during shearing in order to evaluate deformation characteristics during these cycles. At several stress states in the course of isotropic consolidation and shearing, in order to determine quasi-elastic vertical Young's moduli, E vs , by static measurement, eleven cycles with double amplitude axial strain of the order of 0.001% were applied after drained sustained loading as typically shown in Fig. 6 . The values of E vs were found to depend predominantly on the current values of s′ v as shown in Eq. (2) proposed by Tatsuoka and Kohata (1995) .
where E v0 is a reference vertical Young's modulus at a reference stress state of s′ v ¼ s′ 0 ; and m is the parameter presenting the stress-state dependency of Young's moduli. As a dynamic method, as schematically shown in Fig. 7 , measurements of shear wave velocities were conducted at the side surface of the specimen by using a pair of piezo-electric accelerometers at the same stress levels as the static measurements in a single test. Shear waves were generated by exciting the top cap in the torsional direction with a pair of multilayerd piezo-electric triggers attached to the top cap (AnhDan et al., 2002) by inputting a single sinusoidal wave at the predominant frequency ranging from about 0.5 to 4 kHz. Those frequencies for each dynamic measurement were calculated by applying Fast Fourier Transform for the first half cycle of the single pulse wave which was recorded by the upper accelerometer. In this method, the trigger and the receiver do not need to be inserted into the specimens unlike the bender element, which can eliminate the disturbance of specimens mentioned in the introduction as well as bedding error. In fact, Wicaksono et al. (2008) reported that the values of shear modulus of Toyoura sand obtained with this method were about 30% higher than those with the bender element.
In order to reduce the noise levels in the measured data, a stacking technique was introduced by employing a built-in function of the digital oscilloscope. As shown in Maqbool et al. (2011) , the wave signal becomes significantly clear with increasing the number of stacked signals. Following the recommendation made by them, stacking of 256 data for each dynamic measurement was conducted. To evaluate the travel time of shear wave, two methods were employed as typically shown in Fig. 8 (see Table 1 ). According to Maqbool et al. (2011) , the rise-to-rise travel time, Δt rise , was in general by about 2-5% larger than the peak-to-peak travel time, Δt peak , under the test condition employed in the study. However, in the present study, it is assumed that the difference of these two methods would not cause significant difference in calculating the wave velocities. Based on elastic continuum mechanics, the shear moduli measured dynamically, G vhd , were determined by
where ρ t is the wet density of the specimen; and V s(dynamic) is the shear wave velocity obtained from the dynamic measurement.
In addition, in order to compare the results from dynamic and static measurements, the values of E vs obtained from static measurements are converted into those of shear moduli, G vhs , by using Eq. (4) which was originally proposed by Tatsuoka et al. (1999) .
where υ 0 is the Poisson's ratio at isotropic stress states (set equal to 0.35 for all the specimens retrieved from MT as an average value of the test data, and 0.25 for those retrieved from FUT and SUT based on the assumption employed by Koseki et al., 2011) ; a is a parameter on inherent anisotropy (set equal to 1.0 in the present study, for simplicity, by neglecting the effects of inherent anisotropy); R is the effective principal stress ratio defined as s′ v =s′ h ; and m is the parameter defined by Eq. (2).
Toyoura sand
Large-scale specimens with a dimension of 30 cm in diameter and 60 cm in height were produced by the airpluviation method to reach high density (initial relative density D r0 ¼ about 95%). In order to investigate the effects of bedding error on the small strain properties by the static and dynamic measurements, two end conditions of the specimens were employed. In case of tests TY-L-1 and 2, the top and bottom ends of specimens were in contact with the rigid faces of the top cap and pedestal made of duralumin via a sheet of filter paper. On the other hand, with test TY-L-3, the top and bottom ends were well-lubricated by using a 0.8 mm-thick latex rubber smeared with a 0.05 mm-thick silicone grease layer (Tatsuoka et al., 1984) . After isotropic compression was performed from p′ ¼ 50 kPa towards 400 kPa while keeping the specimen under air-dried condition, strain-controlled or stress-controlled drained TC tests were executed. The vertical and horizontal deformations were measured locally with three pairs of LDTs and three CGs respectively. At several stress states in the course of isotropic consolidation and shearing, static and dynamic measurements were conducted. In the dynamic measurement, a single sinusoidal wave at a frequency ranging from about 1 to 4 kHz was inputted. For calculating the values of ρ t used in Eq. (3), the volume change of the specimen was evaluated based on measurements of vertical and horizontal deformations. In test TY-L-2 that was conducted to evaluate the peak strength, the volumetric strain during shearing was estimated by substituting measured R values and axial strain increments into the modified Rowe's stressdilatancy relation (see Appendix B of Tatsuoka et al., 2008) calibrated by measurements based on LDTs and CGs in the same specimen, due to their limited capacities of measurements. Fig. 9 shows the results obtained from three drained TC tests and a drained UC test at a constant vertical strain rate ð_ ε v Þ of7 0.08%/min with respect to UGSs retrieved from SUT. The deviator stress, q ¼ s′ v À s′ h , at the relatively small strain level of test SU-L-1 was the largest of four tests as shown in Fig. 9(a) , while the peak strength tended to become larger with increasing horizontal effective stress. In all TC tests, large amplitude unloading and reloading cycles were applied at different stress states during shearing. In case of test SU-L-3, the dilative behaviour was observed during the large amplitude unloading, while the contractive behaviour occurred when the reloading started (Fig. 9(b) ). This behaviour trend was reversed for tests SU-L-1 and 2. Then, the ε vol À ε v relation totally rejoined the original one during subsequent monotonic loading at a constant _ ε v . The strain dependency of secant and tangential Young's moduli based on measurements with LDTs are shown in Figs. 9(c) through (f), where the definition of vertical strain increment, Δε v , during unloading is schematically presented in Fig. 9(d) . The non-linear behaviour of these two moduli was observed with increasing Δε v . The values of these two moduli during the large amplitude unloading were higher than those during loading respectively as compared at the same Δε v , which suggests that the higher elasticity was observed in unloading than loading. The values of secant Young's moduli were higher than those of tangential ones as compared at the same Δε v excluding those at very small strain levels. Fig. 10 shows the comparison of strength and deformation characteristics obtained from six drained TC tests at _ ε v ¼ 7 0.08%/min with respect to UGSs retrieved from MT before and after chemical injections (unimproved and improved specimens respectively). The peak strength of test MK-A-3 conducted under s′ h ¼ 200 kPa was extremely large, due possibly to large cobbles in the specimen and a high dry density shown in Table 1 . Excluding this test result, the peak strength of improved specimens tended to be slightly lower than that of unimproved specimens. The possible factors which can explain this test result may be; (a) lower dry densities of improved specimens; (b) the distribution of larger particles within the specimens; and (c) the disturbance of the in-situ ground caused by having conducted the chemical injection. The strength properties of granular materials can be largely affected by the above factors (a) and (b) even if the specimens have similar grading curves. These inevitable scatters among different undisturbed specimens affected the test results obtained from the present study. Holtz and Gibbs (1956) reported that the strength tended to increase with increasing maximum diameter D max in drained TC tests on GSs. As pointed out by Imai et al. (1991) , the peak internal friction angle tends to be overestimated for D max /d40.2 in drained TC tests. Since this is the case for the investigated soils (see Table 1 ), the peak friction angle may have been overestimated.
Test results and discussions

Strength and deformation characteristics
Comparison between static and dynamic measurements
The typical results obtained from static measurements of UGSs retrieved from FUT and SUT and Toyoura sand are shown in Fig. 11 , where E vs is plotted versus s′ v on a full logarithmic scale. The m values defined by Eq. (2) are indicated in Fig. 11 . Since the difference between the results from tests TY-L-1 and 3 which employed the different end conditions was small, it can be seen that the effects of bedding error on the small strain properties by the static measurements were insignificant. All m values of the tested materials are plotted versus D 50 in Fig. 12 . Excluding some exceptional data, m seemed to be essentially constant on uncemented sands and gravels as summarized by Kohata et al. (1997) and Hoque and Tatsuoka (1998) .
The typical results obtained from dynamic measurements of UGSs retrieved from FUT and SUT and Toyoura sand are shown in Fig. 13, where the values of G vhs calculated back from E vs shown in Fig. 11 by using Eq. (4) and G vhd are plotted versus an effective stress parameter, ðs′ v s′ h Þ 0:5 , on a full logarithmic scale. As a result, since those moduli increased with increasing ðs′ v s′ h Þ 0:5 , Eq. (5) is employed.
where G vh0 is a reference shear modulus at a reference stress state of ðs′ v s′ h Þ 0:5 ¼ s′ 0 ; and m′ presents stress-state dependency of shear moduli. The m′ values based on static and dynamic measurements, denoted as m s ′ and m d ′ respectively, are indicated in Fig. 13 . Since the difference between the results from tests TY-L-2 and 3 which employed the different end conditions was small, it can be seen that the effects of bedding error on the small strain properties by the dynamic measurements were insignificant. It can be seen that the values of G vhd were larger than those of G vhs for all stress states and all geomaterials. It should also be noted that the difference between these two moduli of UGSs was larger than that of Toyoura sand. This difference may have been caused by the effects of heterogeneity of the specimen on the dynamic measurement results as pointed out by Tatsuoka and Shibuya (1992) and confirmed by Tanaka et al. (2000) , among others. In the dynamic measurement, since the wave travels through the shortest travel time path made by interlocking of larger particles, the shear modulus, which reflects the stiffest soil structure of the specimen, is obtained. It should be noted that the shear modulus based on static measurements reflects the average property of the overall specimen. Therefore, the former shear modulus tends to be larger than the latter one with heterogeneous materials. The difference between these two moduli tends to decrease with decreasing degree of heterogeneity of the specimen (Tanaka et al., 2000; AnhDan et al., 2002) .
As another dynamic measurement, the results from the insitu velocity logging tests for the primary and secondary waves (in-situ PS logging tests) that were conducted before the excavations at FUT and SUT are also plotted in Fig. 13 , where the in-situ horizontal stress was evaluated, due to a lack of reliable data, by tentatively assuming that the coefficient of earth pressure at rest was 0.5. G vhd based on the in-situ PS logging test result that corresponds to the sampling depth at FUT was rather consistent with that based on the dynamic measurement in the laboratory. On the other hand, when the data with respect to SUT are compared to the stress state that corresponds to the sampling depth, in-situ G vhd was significantly lower than the values of shear moduli obtained from the static and dynamic measurements in the laboratory.
The above behaviour with respect to SUT may be explained by any of the following; (a) the effect of the heterogeneity of the in-situ ground; (b) the error in determining of the travel length in the in-situ PS logging tests; (c) the difference between the wave lengths employed in the in-situ and laboratory dynamic measurements; and (d) the densification of the samples caused during the coring process. The distance, L, between the sampling location and the borehole where the in-situ PS logging tests were conducted was about 200 m for SUT, while about 5 m for FUT. That is, at SUT, the soil properties of the specimens would be different from those of the in-situ ground where the PS logging tests were conducted, due to the above factor (a). The discussion on the above factor (c) will be made in the next section. Fig. 14 shows the comparison of small strain properties obtained from six drained TC tests on UGSs retrieved from MT before and after chemical injections (unimproved and improved specimens respectively). In the static measurements, as shown in Fig. 14(a) , similar lower limits of G vhs were observed with and without chemical injections. The G vhs values of test MK-A-3 were extremely large, possibly because of the same reason as discussed previously on the test results shown in Fig. 10 . In the dynamic measurements, as shown in Fig. 14(b) , similar lower limits of G vhd were also observed with and without chemical injections. The m d ′ values of unimproved specimens were larger than those of improved ones. Unlike the trend obtained from the static measurements, the G vhd values of test MK-B-2 were extremely large owing possibly to a large cobble in the specimen shown in Fig. 14(a) . This result suggests that an extremely large particle in the specimen affects the results from dynamic measurements more than the static ones. It should also be noted that G vhd was greater than G vhs for all stress states.
By assuming that the coefficient of earth pressure at rest was 0.5, the results from the in-situ PS logging tests that were conducted at one borehole close to the sampling location (L ¼ about 5 m) before and after chemical injections are also plotted in Fig. 14(b) . It can be seen that G vhd at the sampling depth before chemical injection was higher than after chemical injection. This result suggests that the in-situ ground may have been disturbed by the chemical injection. The G vhd value based on the in-situ PS logging test that had been conducted at the sampling depth before chemical injection was rather consistent with that obtained from the laboratory dynamic measurement in test MK-B-2. On the other hand, the former value after chemical injection was between the lowest and highest values obtained from dynamic measurements in the laboratory.
Factors affecting difference between small strain properties based on static and dynamic measurements
In this section, several factors affecting the difference between the small strain properties based on the static and dynamic measurements are discussed. The results obtained from the present study and some previous studies shown in Table 1 are used for the following discussions.
The first factor is the stress level. Figs. 15(a) and (b) show the relationships between the ratios G vhd =G vhs obtained from drained TC tests and the stress parameters ðs′ v s′ h Þ 0:5 at which those moduli were determined. In isotropic consolidation, the ratios G vhd =G vhs of Toyoura sand hardly varied while those of wellgraded UGSs tended to decrease with increasing stress level. This behaviour trend was more clearly seen in Fig. 15(c) , where the results from UC and TC tests are plotted versus ðs′ v s′ h Þ 0:5 on a full arithmetic scale. On the other hand, the ratios G vhd =G vhs of some UGSs during shearing tended to increase due possibly to the newly developed interlocking of large particles. The reasons for such behaviour during isotropic consolidation can be explained as follows. Fig. 16 shows the comparison between the values of m s ′ and m d ′during isotropic consolidation. It can be seen that m s ′ was greater than m d ′ for most of the tests on UGSs while the former value was approximately equal to the latter one with Toyoura sand. That is, with UGSs, G vhs increased significantly stronger than G vhd during isotropic consolidation since the portion consisting of sandy and finer soils may have become stiffer with increasing effective confining pressure as illustrated in Fig. 17(a) . Consequently, the ratios G vhd =G vhs decreased with increasing stress level. Since the soil structure of Toyoura sand may have not changed largely during isotropic consolidation due to its higher uniformity as illustrated in Fig. 17(b) , G vhd and G vhs increased in a similar manner with increasing effective confining pressure.
That is, the data shown in Fig. 15 suggest that heterogeneity of UGSs may have disappeared gradually and small strain stiffness of the overall UGS specimen tended to be uniformized during isotropic consolidation. The higher sensitivity of the static measurements than the dynamic measurements reflects that the small strain stiffness of well-graded granular materials is uniformized with an increase in the pressure level.
The second factor is the dry density. Fig. 18 shows the relationship between the ratios G vhd =G vhs measured at the isotropic stress state, s′ v ¼ s′ h ¼ 50 kPa, in drained TC tests, ðG vhd =G vhs Þ 50 , and the values of ρ d . With the test cases that the ratio ðG vhd =G vhs Þ 50 was not evaluated experimentally, the interpolated or extrapolated ratios are plotted in Fig. 18 . When the values of ρ d and U c exceeded at least approximately 1.9 g/cm 3 and 30, respectively, the ratios ðG vhd =G vhs Þ 50 tended to decrease with increasing ρ d . The reason for this behaviour might be that G vhs of well-graded GSs increases more remarkably with the densification than G vhd as compared with poorly graded sands, due to larger uniformity coefficients. Maqbool et al. (2011) reported that the difference between Young's moduli of well-graded reconstituted GS measured statically and dynamically was also reduced by increasing dry density of the specimen in drained TC tests.
The third factor is the grading property. seem to lead to a larger modulus when measured dynamically rather than statically. The effects of the grading characteristics on the small strain properties of geomaterials have not been systematically studied and are not well understood, so further studies on this issue should be carried out.
The last factors are the wave length and particle size. Tanaka et al. (2000) and AnhDan et al. (2002) reported that the difference between static and dynamic measurements in terms of wave velocities was affected by the ratios D 50 =ðλ=2Þ, where λ is the wave length in the dynamic measurement. Fig. 20 shows the relationship between the ratios V sðstaticÞ =V sðdynamicÞ and D 50 =ðλ=2Þ, where V s(static) is the equivalent shear wave velocity that is determined from G vhs by replacing G vhd and V s(dynamic) with G vhs and V s(static) respectively in Eq. (3). The values of λ were computed based on the measured wave form, using the same definition as used by Tanaka et al. (2000) .
In Fig. 20(a) , the data from the laboratory tests are scattered largely even after taking the above-mentioned effects of the dry density into account. However, the trends of UGSs in the present study were similar to those of UGSs retrieved by the insitu freezing method by Tanaka et al. (2000) and reconstituted GSs by AnhDan et al. (2002) and Maqbool et al. (2011) .
The results from evaluation using the values of V s(dynamic) and λ obtained from the in-situ PS logging test results corresponding to the respective sampling depths are also plotted in Fig. 20(a) , where the values of V s(static) corresponding to the respective sampling 
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Makurano ( depths were interpolated or extrapolated from the respective G vhs Àðs′ v s′ h Þ 0:5 relations. The possible factors causing the scatter of these data may be attributed to any of the following; (a) inevitable scatters among different undisturbed specimens; and (b) the larger heterogeneity causing the difference between soil properties of specimens and those of the in-situ ground.
However, when the in-situ and laboratory data of tests FU-L-1, 3 and 4, MK-A-3, and A4 are compared respectively, it can be observed that the ratios V sðstaticÞ =V sðdynamicÞ decreased with increasing D 50 =ðλ=2Þ. This result suggests that shear moduli measured dynamically tend to approach those measured statically when λ is significantly larger than D 50 .
As discussed in Fig. 15 and shown in Fig. 20(b) , the ratio D 50 =ðλ=2Þ was not the only parameter that affects the ratio V sðstaticÞ =V sðdynamicÞ , the pressure level was also important factor. The ratios V sðstaticÞ =V sðdynamicÞ of well-graded GSs tend to increase with increasing pressure level.
For accurately predicting the deformation behaviour of the ground in both the static and dynamic problems, small strain properties as well as strength and deformation characteristics should be evaluated properly. The analyses shown in this section suggest that, since small strain properties of in-situ shallow and loose gravelly layers evaluated by the dynamic measurements using shorter wave lengths may be significantly overestimated, due attention should be paid. On the other hand, if those properties of dense GSs are evaluated under higher stress levels by using longer wave lengths, the difference between shear moduli measured statically and dynamically may be negligible, which suggests that those properties based on the static methods can be employed in the dynamic analysis. Further studies will be necessary for a rational determination of the small strain properties which should be used in the deformation analysis.
Relationships between small strain and strength properties
According to Kim et al. (1991) who compiled the data obtained by many researchers, a good correlation between the maximum secant Young's modulus E max , defined at very small strains (about 10 À 5 or less), and the maximum deviator stress q max can be seen for natural geomaterials (soft and stiff clays, sands, gravels and sedimentary soft and hard rocks) in laboratory stress-strain tests. The ratios E max /q max were approximately 1000 for uncemented soils and approximately 500 for soft and hard rocks. Fig. 21 shows the relationship between E max based on the static measurement with LDTs and q max obtained from TC and UC tests on UGSs and a TC test on Toyoura sand. The scatter of the data of UC tests were possibly caused by the larger heterogeneity of UGSs and the difference in the drainage conditions during shearing (see Table 1 ). It was shown that the ratios E max /q max of UGSs obtained from drained TC tests were between 500 (behaviour of soft and hard rocks) and 1000 (behaviour of uncemented soils), averagely 700. Since the difference between the static strength properties of the undisturbed and reconstituted gravelly specimens can be assumed to be insignificant as confirmed by Goto et al. (1992) , the small strain properties of in-situ gravelly layers can be estimated roughly from q max of the reconstituted ones by using the relationship shown in Fig. 21 .
Since saturated cohesionless GSs should theoretically exhibit no unconfined strength, the data from the UC tests suggest that the cementation was developed among the soil particles of UGSs. These natural aging effects (i.e., cementation) on the small strain properties of GSs have been confirmed by Nishio and Tamaoki (1988) and Goto et al. (1992) , who reported that the shear moduli of the reconstituted specimens were about 20-50% smaller than those of the undisturbed ones. For the accurate evaluation of the deformation behaviour of the ground, the effects of sample disturbance on the laboratory test results should be taken into account.
Conclusions
The following conclusions can be derived from the test results and analyses shown in this paper:
1. The values of shear moduli converted from vertical Young's moduli measured with static method ðG vhs Þ were smaller than those measured with dynamic method ðG vhd Þ. The difference between the values of G vhd and G vhs of undisturbed gravelly soils (UGSs) tended to be larger than Toyoura sand, due to larger heterogeneity of UGSs. During isotropic consolidation, the ratios G vhd =G vhs of Toyoura sand hardly varied while those of UGSs tended to decrease with increasing stress level. This observation suggests that the shear moduli may be significantly overestimated when small strain properties of in-situ shallow gravelly layers are determined by the laboratory dynamic measurements. 2. When dry density and uniformity coefficient exceeded at least approximately 1.9 g/cm 3 and 30, respectively, the ratios G vhd =G vhs of well-graded undisturbed and reconstituted gravelly soils tended to decrease with increasing dry densities. 3. Increasing grain size and uniformity coefficient seemed to influence G vhd more than G vhs . 4. Some in-situ and laboratory data of UGSs suggested that, when the wave lengths were significantly larger than mean diameter, shear moduli measured dynamically tended to approach the ones measured statically. and Kaneko, S. at Kiso-Jiban Consultants, Co. Ltd. in trimming the specimens is deeply appreciated.
